Abstract-This paper focuses on connecting tidal turbine farms to the French electrical grid. One tidal farm is considered, which is the commercial farm. The connection state is defined by the active power and the voltage at the common coupling point (PCC, also called the delivery point), and is constrained to respect the grid code requirements. In order to ensure this connection, this paper develops an active power control framework constrained to the requirements of the grid code. This framework is based on the solution of a quadratic programming problem to meet the power demand at the PCC while respecting the requirements of the grid code in different plans. As the farm will be installed at the ocean depths, several kilometers of cables will be used to transport the electricity up to the PCC. Then, the power losses are also taken into account in this framework. This framework is applied to a commercial farm with realistic data to show its relevance and effectiveness.
I. INTRODUCTION

M
ARINE energy refers to the energy carried by the ocean waves, tides, salinity and ocean temperature differences. The kinetic energy stored in oceans, that is created by the movement of the water, can be exploited to generate electricity for homes, transports and industries. 70% of earth surface is covered by oceans, thus the marine energy can be the most important clean energy. This energy can be harvested in many forms, see [1] , [2] . In the last years, marine energy technologies and in particular tidal and wave conversion systems have been achieved a considerable progress [3] . European energy system expects that around 2025-2030 the marine energy will play an important role in providing clean energy. This is motivated by the availability S. B. Chabane, M. Alamir, M. Fiacchini, and R. Riah are with the University Grenoble Alpes, GIPSA-lab (UMR CNRS 5216), Grenoble F-38000, France (e-mail:, benchabanesosso@gmail.com; mazen.alamir@gipsa-lab.grenobleinp.fr; mirko.fiacchini@gipsa-lab.grenoble-inp.fr; rachid.riah88@gmail.com).
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Digital Object Identifier 10.1109/TSTE. 2018.2820029 of the ocean resources and the technologies that will be matured over time. Tidal turbine is based on nearly the same design and operating principle as the typical wind turbine. Related to the advanced technologies and the current developments on the tidal conversion systems, tidal turbines are considered fully grown to be installed in a pre-commercial tidal farms [4] - [6] . These tidal farms are considered to be a promising format for industrialization, are similar to offshore wind farms and my benefit from the extensive research and development experience of the wind power industry. A review of the current state of research beyond technology on wave and tidal energies is given in [7] . Tidal turbine farm may have different configurations. Each one gives how the turbines are geographically installed and how the connection between them is established [8] . Transformers are used to step-up voltages in order to enable the connection of the tidal farm to the power grid. Canada and United Kingdom are countries where pre-commercialized prototypes of tidal farm are successfully installed in their maritime areas [9] , [10] . Some prototypes are in phases of study in other countries, for examples, Spain [11] , Brazil [12] , United States [13] and India [14] .
In order to preserve power system stability and power quality, Grid Codes for the tidal farm have been revised to integrate requirements from wind turbines farms [15] . In [16] , basic understanding and trends for Grid Codes of developed countries in the wind power are presented. The authors analyse the active power control requirements in selected Grid Codes for wind farm. Super Grids projects may include ocean energy and make it a significant source of electricity at the European level. The integration of tidal power into the Grid is still under investigation [17] .
Several control strategies for power quality and stability of grid connection of marine energy farm, such as maximum voltage and frequency deviations control, voltage control, active and reactive power control and power factor control are investigated in the literature, see [18] and references therein. For offshore wind farms (being the only marine energy farm already fully operative) the most used schemes of control architecture, in the case of the active power control under Grid Code requirements, are based on the dispatch controller [18] , [19] . This controller is used to compute and share the set points (active and reactive power references) to the individual components of the wind power plant. The determination of the individual set points is carried out by using an Optimal Load Flow technique [20] .
In this paper, the Grid connection of the tidal turbine farm is examined. The connection state is defined by the active power and the voltage at the common coupling point (PCC, also called the delivery point), and is constrained to respect the Grid Code requirements. In order to ensure this connection an active power control framework constrained to the requirements of the Grid Code is developed in this paper. Since the connection of the farm to the Grid requires several kilometers of cables, one novelty here consists in considering the minimisation of the active power losses in the objective of the optimisation problem to be solved. The objective is to distribute the demand on active power at PCC over all the turbines in order to satisfy the active power demand while ensuring the Grid Code requirements. In fact, this is possible by asking each turbine to produce some part from the demand on active power P d , which is proportional to its maximum achievable powerP max . The Grid Code requirements are transformed into constraints, thus the problem consists to optimise a predefined objective function (containing the active power losses) while satisfying a convex set of constraints. Therefore the production of power will be modulated to satisfy the Grid Code requirements and will be in some cases less than the production capacity of the farm.
Preliminary results are obtained by considering the Grid Code requirements in the active/reactive power plan without considering the power losses in the farm [21] . The control is based on the solution of a linear programming problem. The present paper extends the results obtained in [21] by considering, in addition to the Grid Code in the active/reactive power plan, the Grid Code requirements in the voltage/reactive power plan including a primary control of the voltage and the active/reactive power losses of the farm. These power losses are due to cable losses by Joule effect and the presence of transformers in the farm. They have a quadratic form function of the single active/reactive powers of each turbine. In this paper, the solution is given by solving a quadratic programming problem. This paper is organized as follows. In Section II, the control problem is stated. The feasibility constraints and the Grid Code requirements between the active power and the reactive power are recalled in Section III. Section IV presents the Grid Code requirements in the voltage/reactive power plan, and gives explicitly the details for the requirements on the commercial farm (64 turbines) dictated by the French Distribution Operator System. The expressions of the active and reactive power losses and the constraints formed by all the constraints presented above are given in Sections V and VI, respectively. Section VII gives the formulation of the constrained optimization problem and the resulting control framework. The simulations are given in Section VIII for a commercial farm composed by 64 turbines. Finally, concluding results and perspectives are summarized in Section IX. Fig. 1 shows the type of the farm considered in this paper, it has a radial configuration. Assume that this farm contains n h = 64 turbines. Each 16 turbines represents a hub, then the farm is defined by n hub = 4 hubs. The index ∈ 1, . . . , n h is used to designate the th turbine. Before giving the objective of this paper, let us introduce the following previous works:
II. PROBLEM STATEMENT
r The Maximum Power Point Tracking (MPPT) closed-loop simulator provided by GENERAL ELECTRIC is used to identify the parameters of the turbine model. This model permits to give the maximum achievable active power as a function of the tidal current for each single turbine. This work is done by following the identification framework given in [22] . The nonlinear relationship to be identified isP
where τ is the sampling period,P max is the prediction of the maximum achievable power andv is the vector of past measured wave currents. Note that other identification methods can be used, as least of squares identification [23] , [24] , maximum of likelihood [25] , [26] , etc.
r The identification described above requires the availability of the near future wave current over some prediction horizon. This is given by the wave-induced current predictor. This work is given by following the methodology developed in [27] . Thus in this paper, the predicted value of the maximum achievable active powerP max (t + τ c ) is considered available for a given τ c , where τ c is the sampling period used in the power prediction model. The maximum achievable active and reactive powers for each turbine is P max = 1 MW and Q max = 0.688 MVAr, respectively. The objective of this paper is to guarantee the connection of the tidal farm to an electrical grid. This is done by developing a control architecture of a tidal farm to satisfy the demand in term of active power P d (t + τ c ) at the PCC, while respecting the Grid Code-related set of constraints in both the plan (P, Q) of active and reactive powers and the plan (U, Q) of the voltage at the PCC and the reactive power. Minimizing the power losses in the farm are also part of the objectives.
In the sequel P (t + τ c ) and Q (t + τ c ) will designate the active and reactive powers set-points for the turbine at the future instant t + τ c , such that P (t + τ c ) ≤P max (t + τ c ). Therefore, the idea of the control architecture consists to compute the active powers P and the reactive powers Q for all the turbines at each sample time τ c where the demand power P d (t + τ c ) is assured while respecting the Grid Code constraints in both active/reactive powers (P, Q) plan and voltage/reactive power (U, Q) plan.
III. ACTIVE/REACTIVE POWER EXPRESSIONS AND CONSTRAINTS
This section summarizes the constraints on achievable power and grid-like set of constraints in (P, Q) plan (see [21] for details).
The active and reactive powers at the PCC point must satisfy the Grid Code-related constraints. The corresponding constraints can take several forms depending on the country. Fig. 2 illustrates an example of the Grid Code in the (P, Q) plan.
The feasibility constraints are given by
where S max is the maximum apparent power for the turbine , where = 1, . . . , n h . These constraints are rewritten in the following condensed form [21] :
where A (f ) and B (f ) are given in [21] and x = (P , Q ) , for = 1, . . . , n h .
IV. GRID CODE REQUIREMENTS FOR REACTIVE POWER AND VOLTAGE IN FRANCE
The voltage is also an essential component for the safety of electrical systems. Maintaining the voltage in predefined ranges is also essential for the proper functioning of receivers and generators of users of the PCC. These receivers or generators can not sustainably accept a voltage significantly deviating from their rated voltage (the tolerance is usually of the order of ±10% of the rated voltage). Thus, the voltage at the PCC has to be maintained in the so-called normal voltage range. For these reasons, producers of electric power must respect the Grid Code in the (U, Q) plan and regulate the voltage at the PCC.
The producer must satisfy the Grid Code in the (U, Q) plan at the PCC. The constraints are represented by a gray region in Fig. 3 (see [28] for more details). The Grid Code can depend on the rated voltage value at the PCC or the capacity value of the plant. In addition to the requirements in the (U, Q) plan, the producers of electrical power must contribute to the primary control of the voltage. The producer that contributes to the voltage primary control must have the capacity of providing and absorbing the reactive power required. In the case of the commercial farm, the voltage at the PCC has to be regulated to a set-point value U cons varying linearly as a function of the reactive power Q with an adjustable slope λ, and defined by
U cons and λ are given by the french transmission system operator
Q m a x , where 0.02 ≤ λ ≤ 0.07 and Q max is the maximum reactive power attainable by the farm, i.e. Q max = 0.688 × n h MVAr. U PCC is replaced by its value given in Appendix A (30). In this appendix, U PCC is function of P , Q, U r (the grid voltage), Ψ (the angle of the grid impedance) and S k (the apparent power of the grid). Recall that U r is known and viewed as an exogenous input (Appendix A).
A. Constraints in the (U, Q) Plan
There are two types of constraints: equality constraints from the primary voltage control and inequality constraints from the Grid Code in the (U, Q) plan.
Equality constraints: From the (3) and taking into account the value of U PCC in (30), we have:
Inequality constraints: The requirements for generators in the (U, Q) plan depends on the value of the active power P , see Fig. 3 . The couple (U PCC , Q P m a x ) has to be in the light gray set when P < P max and in both light and dark gray sets when P = P max .
Remark 1:
The control equation of the voltage (4) can be violated when the Grid Code requirements in Fig. 3 are saturated.
For this reason, this equality is relaxed by introducing two scalar variables α 1 and α 2 :
where α 1 ≥ 0 and α 2 ≥ 0 have to be penalized in the objective function that will be given in the sequel.
V. ACTIVE AND REACTIVE POWER LOSSES
For an electric part of the farm, the reactive power injected at one end will be the reactive power at the other end plus the reactive power produced or absorbed by the electric part. In this paper, the reactive power loss is the loss in the amplitude of the instantaneous reactive power. Thus, the farm presents power losses in active and reactive powers. These losses are caused by different parts of the farm: Turbine-hub cables, export cables, turbines transformers, hub transformers and Onshore transformer.
The active power consumed by a cable C is given by
where r is the linear resistance of the cable, L is its length, S the apparent power (S 2 = P 2 + Q 2 ) and U the voltage in this cable.
The reactive power produced or absorbed by a cable C is given by
where c is the linear capacitance, l the linear inductance and ω is the the pulsation of the voltage. The active power consumed by a transformer is given by
where R F are iron losses resistance, r c are copper losses resistance, U 1 and U 2 are the primary and secondary voltage of the transformer. The reactive power produced or absorbed by a transformer is given by
In order to compensate a lack of reactive power, a FACTS (Flexible Alternating Current Transmission System) will be potentially used at the connection point (PCC). This FACTS is a pure reactive power producer. It produces Q FACTS VAr.
The vector of decision variables X is given by
where X ∈ R 2n h +5 , x = (P , Q ) , for = 1, . . . , n h with γ ≥ 0 and γ d ≥ 0 defined in Section VII. Given the radial configuration of the farm in Fig. 1 and using Boucherot's theorem [29] , the total active and reactive power losses consumed, produced or absorbed, respectively, by the farm are a quadratic function of P and Q , for = 1, . . . , n h and are denoted P loss (X) and Q loss (X), respectively. Note that the maximum of these powers P max loss and Q max loss can be easily computed.
VI. REWRITING OF ALL CONSTRAINTS
Taking into account the power losses, all the constraints in both (P, Q) plan and (U, Q) plan have to be reconsidered by using
Note that the active and reactive power losses, P loss and Q loss , will be estimated on-line. The details of this estimation are given in the next section.
Thus, the Grid Code in the (P, Q) plan, represented in Fig. 2 , can be written in the following form:
Replacing U PCC by its value which is given by (30), the requirements for the Grid Code in the (U, Q) plan, represented in Fig. 3 and the control equation of the voltage given by (5), are equivalent to:
A eq GC−UQ X = B eq GC−UQ (P loss , Q loss ). In the next section, the formulation of the constrained optimization problem will be presented.
VII. DESIGN OF THE CONTROL FARM
In this section, all the constraints on the active and reactive powers {x } n h =1 , the reactive power Q FACTS and the relaxation parameters α 1 and α 2 (introduced for the voltage primary control in Remark 1) will be gathered. The active power P to be produced by each turbine is uniformly distributed with respect to the predicted maximum active powerP max through the parameter γ d (16) which becomes a decision variable. A parameter γ is added to the power demand (19) . This parameter permits to ensure the feasibility of the optimization problem for each profile of the power demand P d . The objective function to be minimized is defined in (23) . So, the problem to solve is a quadratic programming problem that will be defined below.
A. Active Power for Each Turbine
Each turbine produces an active power P :
where γ d determines the ratio between P andP max . Each turbine in the farm may be off-line for different reasons, for example maintenance or accident. Thus in this work the distribution vectorπ is introduced. It is defined as follows:
The parameters π may take value in [0, 1]. π = 0 means that some turbines are declared to be off-line. Generally, it can be used to permit the non uniform distribution of the load associated to each turbine. This can be interpreted as the manner to consider the current state of the health of the individual turbines. By considering these parameters the equality constraint (16) becomes
B. Desired Power
In this paper the control objective of the active power control framework is to well satisfy the power demand P d at the PCC. This can be formulated by
where γ ≥ 0 has to be heavily penalized. This parameter is a relaxation and can be different from 0 when the power demand P d (t + τ c ) is greater than the maximum achievable power P max (t + τ c ). Thus, (19) is equivalent to
C. Tidal Farm Optimization Problem
The global optimization problem is formulated using the vector of decision variables X which is given in (10) . By using the prediction of the maximum achievable power of each turbine, P max , the inequality constraints for the commercial farm, gathering (2), (13), (14) while considering the fact that P ≤ 1 MW and Q ≤ 0.688 MVA, can be put in the following form:
In the same way, the equality constraints (15), (18) and (20) can also be rewritten in this linear form on X:
A eq X = B eq (P loss , Q loss ).
Finally, the objective function to be minimized is:
where P loss (X) is quadratic in X (see Section V) and c 2 γ
By manipulating the objective function, the optimization problem can be rewritten in the following quadratic programming form:
A ineq X ≤ B ineq (P loss , Q loss ),
The previous works, reminded in Section II, have as results the near future wave current over some prediction horizon,v(t + τ c ), and the prediction of the maximum achievable power of each turbine,P max (t + τ c ). Therefore, the optimization problem given in this paper has to be solved for all the future instants of the form t + iτ c . Thus the active and reactive powers set-points for the turbines will be computed at all these future instants.
The optimisation problem (24) is hard to solve since the constraints depend on the active and reactive power losses P loss and Q loss where these power losses depend on the active and reactive powers, P and Q , = 1, . . . , n h , see Section V. The P and Q , = 1, . . . , n h , are part of the decision variable X of the optimisation problem (24) . The power losses P loss and Q loss are quadratic in X. In order to keep the problem simple, the estimation of P loss and Q loss is proposed. The practical solution is done by formulating the problem as a fixed-point problem of an implicit function which results from the solution of a mathematical programming problem (24) . It is summarized in the following algorithm: using the values ofP loss (t + τ c ) andQ loss (t + τ c ) 6: Compute P loss (t + τ c ) and Q loss (t + τ c ) using the power losses equations given in Section V 7: if P loss (t + τ c ) −P loss (t + τ c )
P loss (t) ← P loss (t + τ c ) 11:
Go to step 3 13:
end if 14: end while This means that, at each sample time τ c , the active and reactive power losses are readjusted until a good accuracy (4%) is reached. Note that N sim represents the simulation time and P 0 loss andQ 0 loss have to be predefined for the initialization of the algorithm.
VIII. SIMULATION RESULTS
The active power control framework developed in this paper will be tested in the case of the commercial farm. This farm is defined by 64 turbines which are divided into 4 hubs. The commercial farm has a radial configuration. In this section two examples will be shown for the commercial farm. Here the commercial farm with FACTS is considered. The parameters of the objective function (23) are c 1 = 1, c 2 = 10 2 and c 3 = 10 2 . In order to generate the time series of individual achievable powersP max , for = 1, . . . , n h , an integer N saut = 10 is used as well as the translation of one time series defined in [21] . This is done as follow:
In fact the spatial dispersion of the tidal current is emulated with the previous consideration. The profile ofP max 0 chosen in this simulation is generated randomly according to the realistic data of the turbine.
In the real context, the local tidal current will be predicted locally for each turbine. Therefore, once the maximum achievable powerP max is calculated for each turbine, it is to be sent to the central computation unit of the tidal farm.
The values of the apparent powers, S max , ∈ 1, . . . , n h , in (1), have been taken equal to γ S := 1.05 times the maximum achieved active power. They are given as follow:
In the French Grid Code (P, Q), the value P 0 used to define the admissible region of the couple of active and reactive powers, (P, Q), is computed by the following equation:
The limits of the reactive power, Q + and Q − , implied in the definition of this Grid Code are given by:
The French Grid Code parameters in the (U, Q) plan are as follows. The sizing voltage U dim = 89 kV. The commercial farm (64 · 1 = 64 MW) is connected to the transmission system HTB1 voltage. Then the normal voltage range is defined by U max = 100 kV, U min = 78 kV and U rated = 90 kV. U r = U cons , tan(Ψ) = X/R = 10 and S k = 1200 MVA. Note that the grid voltage U r here is chosen for the simulation. In the real case, U r is given by RTE at each sample time. λ = 4% and Q max = 30 MVAr. The cable length between the PCC and the hub is considered as equal to 12 Km. Random draw has been used to choose 
A. Example 1
The voltage U cons is taken equal to 90 kV, (U cons = 90 kV), during the interval time [0 s, 400 s] which is the nominal value, while this value is set to 94 kV for the interval time [400 s, 680 s]. The value of 94 kV will show the saturation behaviour of the farm Grid Code requirements in the (U, Q) plan. Fig. 4 represents the active and reactive powers, the produced active power P and the desired power P d , the Grid Code constraints in the (P, Q) plan (where, Q = min{1,
+ is the upper bound of the reactive power Q and Q = min{1,
− is the lower bound of the reactive power Q), the feasibility constraints (1) and the value of γ d . All the constraints are satisfied. The admissible domain of the voltage and the reactive power (U, Q) at the PCC, defined by the Grid Code requirements, is represented in Fig. 6 . We see that the variation of U PCC function of Q P m a x , represented in red, is in the limits of the domain, which prove that the Grid Code requirement is satisfied. This is due to the value of U cons = 94 kV. The small violations are due to the estimation errors of the active and reactive power losses.
B. Example 2
In this example, the voltage U cons is taken equal to 90 kV, ( . This saturates the feasibility constraints (1) (circle constraints) due the important values of P . This is also confirmed by the value of γ, which is different from 0 during this period, as shown in Fig. 8 . In this figure, the parameter α 2 , introduced in (5), is positive when the Grid Code (U, Q) is saturated in the decreasing sense of the axis U as shown in Fig. 9 (U cons = 84 kV in the interval time [400 s, 680 s]). This finding is stated in Remark 1. The small violations in the (U, Q) plan are due to the estimation errors of the active and reactive power losses.
Notice that particulate cases, where some turbines are off-line during some interval times, are considered in this framework. In fact, the controller is designed in order to adapt itself when some turbines are off-line. The active power control framework developed in this paper is also applied for the commercial farm without FACTS and the results are quite similar to the results shown above for the commercial farm with FACTS. The difference is in the values of the reactive powers Q which are greater than the values in the case with FACTS since the turbines instead of the FACTS have to generate the appropriate reactive power. The use of FACTS located a short distance away from the PCC permits to the farm to maximize its active power production. In the optimization methods, this enables more flexibility in order to respect all the farm constraints.
IX. CONCLUSION
In this paper, an active power control framework for a tidal turbine farm has been developed. This framework guarantees the connection of the farm to the French electrical grid. The feasibility constraints for each turbine, Grid Code in the (P, Q) plan and (U, Q) plan are respected considering the power losses in the farm. The proposed controller permits to distribute the active power demand at the PCC over all the turbines by asking each turbine to produce an active power which is proportional to its maximum achievable active power. Two examples are provided to show the effectiveness of this controller on the commercial farm (64 turbines). This controller can be applied for other farms, as a pilot farm (4 turbines) by introducing small modifications on the Grid Code in the (U, Q) plan. This is due to the connection of the pilot farm to the distribution system operator contrary to the commercial farm that is connected to the transport system operator. These constraints will have also the same form as in the commercial farm. Three important perspectives can be released. The first one is to take into account the variation of the different voltages in the farm. This point was undertaken and gave good results and is still in progress. The second perspective is to consider a control of the frequency f , by considering a variable f . The third is to evaluate and discuss the communication structure between the central computational unit and the individual turbines.
APPENDIX A
The grid at the PCC can be represented with an equivalent grid impedance Z = |Z|e j Ψ = R + jX, with Ψ the angle of the grid impedance (see Fig. 10 ). If we note I the current from the farm and φ the angle between the current and the grid voltage U r , we write that:
Note that U r is measured by RTE, with a good precision, at each sample time. So, U r is known and is viewed as an exogenous input. The voltage variation at the PCC due to the active and reactive powers of the farm is given by: Thus, the voltage at the connection point is given by 
ACKNOWLEDGMENT
The coordinator of this project is GE, and its purpose is the tidal turbines subsea electrical interconnection and power transmission from a farm. The investment in this project is €21 M for a duration of four years. Aside from GE, the other members of this project are Engie, Silec Cable, Jifmar Offshore Services, Sector group, G2Elab and Gipsa-lab.
